Abstract: Smoothened (Smo)-mediated Hedgehog (Hh) signaling pathway governs the patterning, morphogenesis and growth of many different regions within animal body plans. This study evaluated the effects of genetic variations of the bovine SMO gene on economically important body size traits in Chinese Qinchuan cattle. Altogether, eight single nucleotide polymorphisms (SNPs: 1-8) were identified and genotyped via direct sequencing covering most of the coding region and 3ʹUTR of the bovine SMO gene. Both the p.698Ser.>Ser. synonymous mutation resulted from SNP1 and the p.700Ser.>Pro. non-synonymous mutation caused by SNP2 mapped to the intracellular C-terminal tail of bovine Smo protein; the other six SNPs were non-coding variants located in the 3ʹUTR. The linkage disequilibrium was analyzed, and five haplotypes were discovered in 520 Qinchuan cattle. Association analyses showed that SNP2, SNP3/5, SNP4 and SNP6/7 were significantly associated with some body size traits (p < 0.05) except SNP1/8 (p > 0.05). Meanwhile, cattle with wild-type combined haplotype Hap1/Hap1 had significantly
Introduction
Smoothened (Smo)-mediated Hedgehog (Hh) signaling pathway is a critical regulator of cell growth and patterning during embryonic development, and also is involved in stem cell renewal and tissue homeostasis in adult animals [1] [2] [3] . Perturbations in the pathway are related to birth defects and various cancers [4] . Smo, a seven-transmembrane protein, belongs to the Frizzled (FzD) class of G-protein-coupled receptor (GPCR) superfamily and serves as the obligatory signal transducer of the Hh pathway [5] [6] [7] . Specifically, Smo transforms the extracellular Hh protein signal into an intracellular glima-associated transcription factors (Gli1-3) protein signal, thereby activating intranuclear target genes [8, 9] . As a core element of the Hh pathway, SMO gene is conserved from flies to humans [1] , and enormous progress has been made in revealing not only its molecular structure and functional mechanism but also its cellular and developmental functions. Functional studies in model animals have shown that SMO gene participates in both osteogenesis and myogenesis through Hh pathway.
In mice, the forced expression of a constitutively actived SMO allele promoted chondrocyte proliferation, while chondrocyte-specific SMO knockout mice showed a marked decrease in chondrocyte proliferation and developed shorter long bones than wild-type littermates [10] . Similarly, the removal of SMO from perichondrial cells led to bone collar defects and abolished development of primary spongiosa. Meanwhile, in chimeric mice, cells genetically deficient in SMO exhibited a cell-autonomous defect in osteoblast differentiation in bone collar and primary spongiosa [11] . In zebrafish, inactive Smo mutant embryos displayed phenotypic defects, including abnormalities in body size, cartilage, pectoral fins, central nervous system [12] . Compared to wild-type zebrafish embryos, Smo mutant embryos lacked slow muscle, and their fast muscle fibers were disorganized [13] . A recent study reported that the fine coordination of Smo activity by the miR-30 family controlled the specification and differentiation of distinct muscle cell types of zebrafish embryos [14] . Collectively, these findings confirm SMO contributes to the development and growth of bone and muscle, suggesting that SMO is an attractive candidate gene for the selection of growth-related traits in livestock.
Little study on the bovine SMO gene has been performed, since most research has focused on model animals and human. Based on its role in osteogenesis and myogenesis as demonstrated in mice and zebrafish, we proposed the hypothesis that variations of the SMO gene affected body size traits in cattle. Here, we do research on Qinchuan cattle, for as a famous indigenous cattle breed in China, its growth rate and underdeveloped hind hip need to be improved to be comparable to imported beef cattle breeds [15] . Molecular characterization of the bovine SMO was analyzed using bioinformatics. Screening of genetic variations was performed by direct sequencing. Then the genetic associations with body size traits in Qinchuan cattle were examined. Our results are potentially beneficial for further research in enhancing the economic traits of beef cattle.
Results and Discussion

Sequence Homology, Inferred Phylogenetic Tree and Sequence Alignments
SMO gene maps to bovine chromosome 4, consists of 12 exons divided by 11 introns and 3ʹUTR, and encodes 780 amino acids. BLAST analysis revealed that the amino acid sequence of the bovine SMO (NP_001179149.1) shared high identity with other vertebrates. The percent identity with human (NP_005622.1), rat (NP_036939.1), mouse (NP_795970.3), chicken (XP_414970.4), zebrafish (NP_571102.1) and xenopus (NP_001128704.1) were 94%, 93%, 92%, 79%, 71% and 70%, respectively. The relatively high identity among mammalians (92%-94%) suggested that the SMO gene was more conserved within this group. The phylogenetic tree ( Figure 1 ) intuitively showed the relationship between bovine SMO and the potential evolutionary process; bovine, human, mouse and rat SMO fell into one evolutionarily related group, while chicken, xenopus and zebrafish SMO were dispersed at more distant branches. Research on model animals and human has revealed that Smo protein consists of three domains: the extracellular N-terminal domain, a seven heptahelical transmembrane domain, and the intracellular C-terminal tail [16] . Using the already known information of other species, to better understand the structure of bovine Smo protein, we performed multiple alignments of the amino acid sequences among the above mentioned species. Figure 2 showed the aligned Smo amino acid sequences; asterisks denoted the fully conserved amino acid residues. Based on the recently determined three-dimensional structure of human Smo (hSmo) [16] , analysis indicated that in the seven species, the most highly conserved region covered the seven heptahelical transmembrane domain (residues 224-534 of hSmo), in accordance with the common feature in all GPCRs [17] . The regions comprising the transmembrane domain were highlighted with a red line. The upstream and downstream the transmembrane domain were the extracellular N-terminal and intracellular C-terminal domains, respectively. 
Analysis of Sequence Variations in Qinchuan Cattle SMO Gene
We amplified and sequenced most of the coding region and 3ʹUTR of the SMO gene. Compared with the SMO gene reference sequence (GenBank accession No. AC_000161), a total of eight SNPs (Figure 3 ), including two coding variants (SNP1: g.22935C>T, SNP2: g.22939T>C) in exon 12 and six non-coding variants (SNP3: g.23232C>T, SNP4: g.23283C>A, SNP5: g.23329C>T, SNP6: g.23458T>G, SNP7: g.23633T>C, SNP8: g.23641C>A) in the 3ʹUTR, were identified in 520 Qinchuan cattle. SNP1 (g.22935C>T) resulted in a p.698Ser.>Ser. synonymous mutation and SNP2 (g.22939T>C) led to a p.700Ser.>Pro. missense mutation. According to the above aligned Smo amino acid sequences (Figure 2 ), both the p.698Ser.>Ser. synonymous mutation and the p.700Ser.>Pro. non-synonymous mutation were located in the intracellular C-terminal tail of bovine Smo. In addition, compared with the public SNP information of the bovine SMO gene provided by NCBI, SNP1 and SNP8 were identified as two novel variations and will be submitted into the SNP data bank. All eight SNPs were successfully genotyped by PCR-direct sequencing. The detailed SNP information for each cattle was provided in Table S1 . The two novel SNPs (SNP1 and SNP8) exhibited two different genotypes: wild-type homozygote and heterozygote; whereas, the others displayed three kinds of genotypes: wild-type homozygote, heterozygote and mutant homozygote ( Table 1) . Table 1 also contained the results of genotypic and allelic frequencies, genetic diversity parameters (He, Ne and PIC) and Hardy-Weinberg equilibrium. The wild-type alleles of all eight SNP loci were predominant in the studied population. Results of χ 2 test indicated that genotype distributions of the eight mutations were all in Hardy-Weinberg equilibrium (χ 2 < χ 2 0.05). The PIC value (if PIC < 0.25, 0.25 < PIC < 0.5, or PIC > 0.5, low, medium or high polymorphism, respectively [18] ) manifested that the two novel SNPs were in low polymorphism, while the rest were located on medium genetic diversity level in the studied population. Table 2 illustrated the results of linkage disequilibrium (LD). According to the r 2 -value, a pairwise measure of LD, SNP1 and SNP8 loci were in perfect LD (r 2 = 1), so were SNP3 and SNP5 (r 2 = 1), and SNP6 and SNP7 (r 2 = 1). r 2 = 1 indicates that, during the history of the sample, two SNPs have not been separated by recombination, and observations at one SNP provide complete information about the other SNP [19] . Thus, SNP1 and SNP8 loci were abbreviated as a single SNP1/8 locus, SNP3 and SNP5 as SNP3/5, and SNP6 and SNP7 as SNP6/7. In addition, SNP2, SNP3/5, SNP4 and SNP6/7 loci exhibited strong LD (r 2 > 0.33) with each other. This may be a result of selection which can result in nonrandom associations among SNPs and thus elevate levels of LD in a gene; especially selection, during domestication, aiming at alleles of a gene can significantly elevate levels of LD in a given region [20, 21] . Subsequently, a total of five haplotypes were identified (Table 3) . Theoretically, the number of the inferred haplotypes should be 256 (2 8 ), but both the perfect and strong LDs between SNP marker pairs notably decreased the number. Obviously, Hap1 (-CTCCCTTC-), the combination of wild-type alleles, was the most frequent (0.558), followed by Hap2 (0.234), Hap3 (0.092), Hap4 (0.085), and lastly the combination of mutant-type alleles Hap5 (-TCCACGCA-) (0.031). The high-frequency haplotypes might have been in the population for a long time and more adaptive to the environment or selection [22, 23] . Consequently, new mutants are more likely to originate from the common haplotypes, meaning that rarer variants are more closely related to the common haplotypes and represent recent mutations [24] . 
Linkage Disequilibrium and Haplotype Analysis
C T C C C T T C 0.564 Hap2 C C T A T G C C 0.231 Hap3 C C C C C G C C 0.091 Hap4 C C C A C T T C 0.082 Hap5 T C C A C G C A 0.032
Effects of Single Marker on Body Size Traits
Association analysis between the single SNP markers and body size traits were performed (Table 4) . At the SNP1/8 locus, there were no significant effects on body size traits (p > 0.05) (data not shown).
At the SNP2 locus, animals with wild-type genotype TT had significantly greater body length (p = 0.005), wither height (p = 0.011), hip height (p = 0.022), hip width (p = 0.004) and heart girth (p = 0.018) than those with mutant genotype CC; significant difference was also found between genotype TC and CC for hip width (p = 0.015). As mentioned above, SNP2 led to the p.700Ser.>Pro. non-synonymous mutation in the intracellular C-terminal tail of bovine Smo. Intriguingly, in common with other GPCRs, phosphorylation of Smo regulates the switch between on/off signaling states [6] ; or rather the activation of Smo is triggered by hyperphosphorylating Ser/Thr residues within C-terminal cytoplasmic tail during Hh signaling [25] [26] [27] [28] . Substitutions of phosphorylation sites with un-phosphorylatable residues render Smo inactive and diminish Hh signal activity, whereas phosphor-mimetic Smo variants display overactive Hh signal [25, 29, 30] . Moreover, with the increase in the number of phosphor-mimetic mutations in its C-terminal tail, Smo activity exhibits a progressive elevation. [30] . Herein, we deduced that individuals with mutant allele SNP2-C showed significantly lower body size traits than those with wild-type allele SNP2-T (p < 0.05) might be caused by the attenuation of Smo activation via the substitution of Ser. residue with un-phosphorylatable residue Pro. Subsequently, the attenuation might undergo cascade amplification, consequently influencing the transcription of downstream target genes. At the SNP3/5 locus, animals with wild-type genotype CC/CC showed significantly larger body length (p = 0.014), wither height (p = 0.046), hip width (p = 0.022) and heart girth (p = 0.024) compared to those with mutant genotype TT/TT. At the SNP4 locus, individuals with genotype CC demonstrated higher mean values for body length (p = 0.010), wither height (p = 0.049) and hip width (p = 0.025) than those with genotype AA. At the SNP6/7 locus, the body length (p = 0.028), hip width (p = 0.007) and heart girth (p = 0.018) of animals with wild-type genotype TT/TT were significantly larger than those of animals with mutant genotype GG/CC. Although these SNPs identified in the 3ʹUTR were non-coding DNA variants, there is growing indication that 3ʹUTR variants actively participate in modifying gene expression patterns. A G > A transition in the 3ʹUTR of the GDF8 gene created microRNA target sites for mir1 and mir206, consequently promoting the muscular hypertrophy phenotype in Texel sheep [31] . Additionally, an A > G substitution in the 3ʹUTR of the pig PPARA gene associated with adipose tissue accumulation was found located near the putative target sequence for mir224 and potentially increased the mir224 binding to the PPARA, thus reducing PPARA transcript level [32] . Accordingly, we hypothesized that variants in the 3ʹUTR of the bovine SMO gene might work in a manner parallel to SNPs in the 3ʹUTR of the GDF8 or PPARA gene, such as creating microRNA binding sites or possibly influencing the combination of the potential microRNAs with the SMO gene, thereby influencing the transcription level of SMO.
Collectively, wild-type individuals had larger body size traits in our Qinchuan cattle population, and wild-type alleles (SNP2-T, SNP3/5-C/C, SNP4-C, and SNP6/7-T/T) appeared to be beneficial for improving body size traits in cattle breeding programs.
Effects of Haplotype Combinations on Body Size Traits
Haplotype combinations may provide greater power than a single marker for genetic disease and trait associations [33] . Consequently, we analyzed the haplotype combinations of eight SNPs, and a total of 14 diplotypes (combined genotypes or haplotypes) were identified. We selected five diplotypes for association analysis; those with frequency far lower than 0.05 were not chosen. Individuals with wild-type diplotype Hap1/Hap1 (CC-TT-CC-CC-CC-TT-TT-CC) displayed significantly greater body length (p = 0.031) than those with Hap2/Hap2 (CC-CC-TT-AA-TT-GG-CC-CC) (Table 5) , which suggested that diplotype Hap1/Hap1 could be used as a molecular marker in selection of preferable body size traits in cattle. Likewise, the results were in agreement with the conclusion of the effect of one SNP, the wild-type alleles (SNP2-T, SNP3/5-C/C, SNP4-C, and SNP6/7-T/T) related with greater body size traits. On the other hand, statistical analyses implied that mutations of these detected loci within SMO might lead to a decrease in body size traits. Marker-assisted selection (MAS) based on genetic variation is more effective and powerful than traditional selection methodologies for genetically improving livestock economic traits, for example, growth traits, milk traits, reproduction traits, meat quality traits [34] . It is well established that genes involved in Hh signaling, including IHH, SHH, DHH, PTCH1, SMO and GLI1-3, play crucial roles in the growth, patterning and morphogenesis of various animal tissues [1, 8, 9] . Genome-wide association analysis in human has documented that variants within genes in Hh signaling are associated with adult height [35] . Studies in mice and zebrafish have demonstrated that SMO contributes to osteogenesis and myogenesis, consequently influencing the development and growth of bone and muscle [10] [11] [12] [13] [14] . These findings suggest that the SMO gene, as one mediating Hh signaling, could be a potential candidate gene related to animal body size traits. Our results showed that some variations within SMO were associated with body size traits in Qinchuan cattle, making it useful as a molecular marker in the MAS program for beef cattle.
Experimental Section
Animal Source, Data Collection and Genomic DNA Preparation
520 adult animals (18-24 months old; unrelated for at least three generations) were selected from the following farms: Fineness Breeding Center of Qinchuan Cattle (Yangling, Shaanxi, China), Reserved Farm of Qinchuan Cattle (Fufeng, Shaanxi, China) and Qinchuan Cattle Farm (Qian County, Shaanxi, China). Seven body measurement traits (body length (BL),wither height (WH), hip height (HH), rump length (RL), hip width (HW), chest depth (CD), heart girth (HG)) were measured for statistical analysis as Gilbert et al. [36] described. Meanwhile, blood samples were collected from the jugular vein and immediately treated with 2.0% heparin. Genomic DNA samples were extracted from blood using the standard phenol-chloroform protocol [37] .
Bioinformatic Study
The amino acid sequences of the SMO gene for different species (Bos taurus, Homo sapiens, Rattus norvegicus, Mus musculus, Gallus gallus, Xenopus laevis and Danio rerio) were acquired using BLAST provided by NCBI. A phylogenetic tree for SMO was constructed using MEGA6.06 software. Multiple sequence alignment for orthologous Smo proteins was performed using Clustalx2.0 software.
Sequence Variant Detection
Primers (Table S2) used to amplify the bovine SMO gene were designed based on the published nucleotide sequence (GenBank accession No. AC_000161). Polymerase chain reaction (PCR) was conducted in 30 µL reaction mixtures, containing 10 pM of each primer, 50 ng templates DNA, 15 µL 2× Reaction Mix (500 M dNTP, 20 mM Tris-HCl (pH 8.3), 100 mM KCl, 3 mM MgCl2, other stabilizer and enhancer), and 0.3U Golden DNA polymerase (Tiangen Biotech, Beijing, China). The PCR was performed in a thermal cycler (Eppendorf, Germany) with the following procedure: initial denaturing at 95 °C for 5 min, followed by 35 cycles of 30 s at 94 °C, 30 s at the optimum annealing temperature (Table S1 ), 72 °C for 1 min, and ended with a final elongation of 10 min at 72 °C. PCR products were detected by electrophoresis on 1.5% (w/v) agarose gel (containing 200 ng/mL ethidium bromide) and purified by Axygen kits (MBI Fermentas, Amherst, NY, USA), and then sequenced in both directions in an ABI PRIZM377 DNA analyzer (Perkin-Elmer, Waltham, MA, USA). Sequence maps were imported into SeqMan of DNASTAR software (version 7.1) and analyzed to search for variations.
Genotyping
Primers (Table S2) were redesigned for genotyping eight detected SNPs via direct sequencing. PCR conditions, sequencing and sequence analysis were as described above.
Statistical Analyses
Genotype frequencies were calculated by direct counting. Allele frequencies, Hardy-Weinberg equilibrium (HWE), heterozygosity (He), and effective allele numbers (Ne) were analyzed based on genotype frequencies as Nei and Rychoudhury [38] described; polymorphism information content (PIC) was obtained via Botstein's methods [18] . Linkage disequilibrium between all pairs of biallelic loci, as well as haplotypes, was analyzed using the Partition-Ligation Combination-Subdivision EM (PL-CSEM) algorithm of SHEsis software [39, 40] .
The associations between single SNP marker and body measurement traits were analyzed with SPSS software (version .19.0) using the general linear models (GLM) procedure and the following model: Yijklm = μ + Gi + Aj +Fk +Sl + Sm + εijklm
where Yijklm = trait measured on each individual; μ = overall mean; Gi = fixed effect of the ith genotype; Aj = fixed effect of the jth age; Fk = fixed effect of the kth farm; Sl = fixed effect of the lth sex; Sm = fixed effect of the mth sire; and εijklm = random error. For the association analysis between combined genotypes and the body size traits, the statistical model was similar to the model 1 with a slight modification, which was that Gi was the fixed effect associated with the ith combined genotypes. Moreover, to obtain more robust results, all the p values of the statistical results were corrected by Bonferroni correction which was used to account for multiple tests.
Conclusions
In summary, we analyzed the molecular characterization of the bovine SMO together with the SMO of several other species, and identified eight SNPs and five haplotypes in the coding region and 3ʹUTR of SMO in 520 Qinchuan cattle. Genotyping and association analyses demonstrated that wild-type alleles of some detected SNPs appeared to be more beneficial for selecting cattle with superior body size traits, and could be used as molecular markers for the improvement of Qinchuan cattle and perhaps other breedtypes that would benefit from marker-assisted selection for increased body size. Nevertheless, these results should be considered as preliminary, and further studies should be conducted to validate observed associations in a broad variety of cattle breeds. Further studies also should explore the molecular mechanisms responsible for these SNPs in the SMO gene associated with the variations in body size traits.
